25 Increasing evidence indicates that insecticides induce various diseases via DNA 26 methylation. DNA methylation plays an important role during cell differentiation and 27 exhibits its greatest vulnerability to environmental factors during embryogenesis. 28 Therefore, it is important to evaluate the effects on DNA methylation at the early stage of 29 cell differentiation to understand developmental toxicity. However, DNA methylation 30 induced by insecticides and the associated effects on cell differentiation are unclear. In 31 this research, we introduced a high-content approach utilizing mouse embryonic stem 32 cells harboring enhanced green fluorescent protein fused with methyl CpG-binding 33 protein to evaluate global DNA methylation induced by various insecticides. DNA 34 methylation was assessed in 22 genes after pesticide exposure to investigate the 35 relationships with biological processes such as cell cycle, cell apoptosis, and cell 36 differentiation. Exposure to acetamiprid, imidacloprid, carbaryl, and o,p′-DDT increased 37 the granular intensity, indicating their global DNA-methylating effects. Exposure to 38 imidacloprid decreased DNA methylation in genes such as Cdkn2a, Dapk1, Cdh1, Mlh1, 39 Timp3, and Rarb, indicating the potential influence of the DNA methylation pattern on 40 cell differentiation. We developed a promising approach for evaluating global DNA 41 methylation, and our findings suggested that imidacloprid might exhibit developmental 42 effects through DNA methylation pattern. 43 44 45 46 47 48
Introduction 49
Insecticides exist in the environment, and they are associated with various adverse 50 health outcomes such as neurological and reproductive disorders and cancer (Fritschi et 51 al. 2015 , Sanborn et al. 2007 , Tiemann 2008 , Zhang et al. 2016 . Increasing evidence 52 indicates that insecticides induce epigenetic effects as the toxicological mechanism 53 (Costa 2015 , Hodges et al. 2000 . Recently, the evaluation of developmental toxicity has 54 proven important (Hass 2006) , and it was reported that epigenetic abnormalities are 55 related to mammalian development such as brain development, particularly during early 56 embryonic and germ cell development (Doherty and Roth 2016 , Ideta-Otsuka et al. 2017 , 57 Keverne et al. 2015 , Marczylo et al. 2016 , indicating a need to evaluate the epigenetic 58 effects of insecticides and their roles in developmental toxicity. 59 DNA methylation, as an important mechanism of epigenetic effects, regulates gene 60 expression to control differentiation in many self-renewing tissues such as germline and 61 hematopoietic stem cells (Klose and Bird 2006) . For instance, global DNA methylation 62 increases with the loss of methylation of specific genes that define cell identity during 63 stem cell differentiation (Suelves et al. 2016) . Decreased global and gene-specific DNA 64 methylation commonly occurs in carcinogenesis (Teschendorff et al. 2014) . Therefore, 65 the evaluation of both global and gene-specific DNA methylation provides important 66 insights into developmental toxicity and the associated toxicities of environmental 67 chemicals. Evidences indicated that insecticides induce developmental neurotoxicity 68 (Declerck et al. 2017 ) and carcinogenesis (Zhang et al. 2012) through changes in DNA 69 methylation patterns. DNA methylation exhibits its greatest vulnerability to 70 environmental factors during embryogenesis, (Foley et al. 2009, Relton and Davey Smith 71 2010) , resulting in adverse health outcomes in children. Thus, DNA methylation during 72 cell differentiation can provide an important insight to understand the developmental 73 toxicity of insecticides. 74
Embryonic stem cells (ESCs) represent a powerful biological model for evaluating 75 developmental toxicities (Tandon and Jyoti 2012) . Moreover, their differentiation into 76 normal somatic cells such neuronal (Okabe et al. 1996) (Baubec et al. 2013 , Du et al. 2015 , thus representing 85 a powerful target for evaluating In this study, we developed enhanced green fluorescent protein (EGFP)-MBD1-nls 87 mouse ESCs with a high-content platform. We evaluated the DNA-methylating effects of 88 insecticides to understand the interactions between DNA methylation and cell 89 differentiation. Both global and gene-specific DNA methylation of cell differentiation-90 related genes during the cell differentiation was evaluated after exposure to various 91 insecticides such as permethrin, carbaryl, DDT, and imidacloprid. This research provided 92 novel insights into the role of DNA methylation in the developmental toxicity of 93 insecticides. 94
Material and Methods 96
Chemicals 97
Dimethyl sulfoxide (DMSO) was obtained from Sigma-Aldrich (St. Louis, MO, USA), 98
and 5-aza-2-deoxycytidine (5-aza-dc), acetamiprid (ACE), imidacloprid (IMI), 99 permethrin, carbaryl, p,p′-DDT, and o,p′-DDT were obtained from Wako Pure Chemical 100 Industries, Ltd. (Osaka, Japan). DMSO was used as the primary solvent, with solutions 101 further diluted in cell culture medium prior to use. The final concentration of DMSO in 102 the medium did not exceed 0.1% (v/v). 103
Cell culture 104
Mouse ESCs with EGFP-MBD-nls incorporated in their nuclei were provided by the 105 RIKEN Cell Bank (Tsukuba, Japan). The methylated MBD coding sequence confers 106 methylated DNA-specific binding. EGFP is fused to the MBD1 binding domain linked to 107 MBD-nls to yield EGFP-MBD-nls (Kobayakawa et al. 2007 ). EGFP-MBD-nls cells were 108 cultured on 0.1% gelatin-coated 60-mm dishes or 48-well plates (1  10 4 cells/well). 109
ESCs were cultured in leukemia inhibitory factor (LIF)-supplemented Dulbecco's 110 modified Eagle's medium (DMEM) containing 10% fetal bovine serum (Hyclone, Logan, 111 UT, USA) at 37°C under 5% CO2 in humidified air. Cells were induced to differentiate 112 via exposure to LIF-supplmented or withdrawed DMEM containing 5-aza-dc, permethrin, 113 carbaryl, ACE, IMI, p,p′-DDT, or o,p′-DDT (1 × 10 −8 to 1 × 10 −6 M) in DMSO for 48 h 114 ( Figure 1A) . 115
Immunofluorescence 116 Immunostaining with 4,6-diamidino-2-phenylindole (DAPI) (Life Technologies, 117
Carlsbad, CA, USA) was performed after 48 h of exposure to reagents ( Figure 1A) . The 118 differentiated cells were fixed with 4% paraformaldehyde for 15 min and then treated 119 with 0.1% Triton X-100 (Sigma-Aldrich) for 30 min. After incubation with 1% bovine 120 serum albumin in phosphate-buffered saline for 30 min at room temperature, cells were 121 incubated with DAPI for 15 min at room temperature. 122
Image acquisition and analysis 123
Microphotographs were obtained using an Olympus LV1200 high-performance laser-124 scanning microscope (Olympus Optical, Tokyo, Japan). To quantify variations in cellular 125 and subcellular components, immunofluorescent images (four fields per each well of a 126 48-well plate) were obtained using an automated IN Cell Analyzer 1000 (GE Healthcare 127 UK Ltd., Buckinghamshire, UK) and a ×10 objective. Fluorescence emissions were 128 recorded separately for blue (535-nm) channels. In addition, nuclei (n = 100) were 129 counted in each well for confocal image analysis. 130
The localization of hypermethylated centromeric heterochromatin reflects the nuclear 131 organization and global patterns of DNA methylation (Kobayakawa et al. 2007 ). To 132 localize centromeric heterochromatin and heterochromatin granule numbers, the granule 133 intensity and area were quantified using a high-throughput assay. Mouse ESCs were 134 cultured in glass-bottomed dishes in parallel to observe heterochromatin variations 135 directly ( Figure 1B) . 136
Cells were analyzed using image analysis algorithms generated using the IN Cell 137
Developer Tool Box software (v1.7) in four steps: "nuclear segmentation," "cell 138 segmentation," "granular segmentation," and "measure nodes." Because a vast array of 139 parameters can be calculated, we selected the following parameters to characterize the 140 DNA methylation status: intensity, area, and number of nuclear heterochromatin granules. 141
Data are expressed as the mean per cell divided by the value for the control. The control 142 values were set at 100%.
EdU labeling assay was performed with Click-IT EdU Alexa Fluor 555 Imaging Kit 145 (Thermo Fisher Scientific, Japan). Briefly, cultured cells were stained with 10 µM EdU 146 for 24 h at 37℃. After staining, the cells were fixed with 4 % paraformaldehyde for 15 147 min and permeabilized with 0.5 %Triton X-100 for 20 min at room temperature. After 148 that, the cells were incubated with Click-IT reaction cocktail for 30 min according to 149 according to manufacturer's instructions followed by Hoechst 33342 staining. 
163

Statistical analysis 164
Quantitative data are expressed as the mean percentage of the control value ± standard 165 deviation of at least three independent experiments. Analyses were performed using IBM 166 SPSS statistics (IBM Corp., Armonk, NY, USA). Statistical significance was determined 167 using one-way ANOVA for pairwise comparisons. Differences were considered 168 statistically significant when P < 0.01. 169
170
Results 172
Effect of LIF treatment on EGFP-MBD-nls cells 173
EdU proliferation assay were performed to investigate the growth status after mouse 174
ESCs post seeding, significantly EdU-positive cells were observed on day 3 ( Figure 1C ) 175 indicating the cell proliferation of undifferentiated cells. We stimulated the differentiation 176 of mouse ESCs through LIF withdrawal for 72h before DNA methylation assays (Figure  177 1B). The nuclei number indicating cell viability decreased after withdrawing LIF, and 178 granular intensity reduced may indicate the hypomethylation during the cell 179 differentiation ( Figure 1D ). 180
Effect of 5-aza-dc on EGFP-MBD-nls cells 181
The DNA-demethylating agent 5-aza-dc is a common anticancer drug that induces 182 DNA demethylation and subsequent activation of tumor-suppressor gene expression 183 (Takebayashi et al. 2001) . We applied 5-aza-dc as a model compound to evaluate DNA 184 methylation using the high-content approach. Images of DAPI-stained nuclei were 185 acquired via fluorescence microscopy. The images illustrated that the EGFP-MBD-nls 186 product localized specifically to nuclei and hypermethylated centromeric 187 heterochromatin, which exhibited green fluorescence as granules (Figures 2A). 188 Nuclei count was reduced to 77 (P < 0.05) and 49% (P < 0.05) of the control level by 189 treatment with 1 × 10 −7 and 1 × 10 −6 M 5-aza-dc with LIF, respectively. We analyzed 190 granular staining intensity to investigate the effect of 5-aza-dc on methylation, as there is 191 a strong association between the EGFP signal intensity and methylation status in this 192 model system. The granular intensity decreased after exposure to higher concentrations 193 of 5-aza-dc (1 × 10 −6 M) (P < 0.05), consistent with its demethylation activity ( Figure 2B ). 194
Nuclear organization changes are associated with cell differentiation such that changes 195 in the heterochromatic granule count can reflect the differentiation status (Kobayakawa 196 et al. 2007 ). To evaluate the effect of each chemical on DNA methylation after cellular 197 differentiation, we analyzed granule numbers and areas. After 48 h of treatment, 5-aza-dc 198
(1 × 10 −6 ) substantially decreased granular area (P < 0.05), and LIF withdrawal decreased 199 the granular area ( Figure 2C 
Effect of neonicotinoids on EGFP-MBD-nls ESCs 203
Neonicotinoids have been widely applied as emerging insecticides, but they carry high 204 risks of neurotoxicity in organisms (Solomon and Stephenson 2017). We selected the 205 popular neonicotinoids ACE and IMI for DNA methylation evaluation. ACE exposure 206 reduced nulcei count slightly ( Figure 3A) . The granular intensity increased to 115 and 207 128% of control levels after treatment with ACE (1 × 10 −7 M) ( Figure 3A ) and IMI (1 × 208 10 −7 M) ( Figure 3A) , respectively, indicating their DNA-methylating effects. After LIF 209 withdrawal, the granular intensity increased to 125 and 145% of control levels after 210 treatment with ACE (1 × 10 −7 M) ( Figure 3B ) and IMI (1 × 10 −7 M) ( Figure 3B ), 211 respectively, indicating that DNA methylation increases during cell differentiation. 212
Effect of IMI on the DNA methylation of specific genes 213
Alterations in the DNA methylation of functional genes are associated with the 214 development of various cells, and this process can also lead to various diseases. induced changes in the methylation status of 22 gene promoters were investigated via 216 quantitative real-time PCR in this study. Table 1 shows the DNA methylation status of 217 each gene after exposure to IMI at the early stage of cell differentiation. LIF withdrawal 218 in control cells increased the DNA methylation of most genes by 1.03-12.8-fold. In particular, the DNA methylation of the Ccnd2, Fhit, and Timp3 genes was dramatically 220 increased by 12.80-, 8.38-, and 10.53-fold, respectively. After treatment with IMI, the 221 DNA methylation of all genes decreased dramatically in the undifferentiated stage, but 222 the DNA methylation of the Apc and Gstp1 genes increased in the differentiation stage 223 after IMI exposure. After cell differentiation exposed to IMI, DNA methylation was 224 dramatically increased in the Rassf1, Apc, Gstp1, Timp3, and Pten genes; conversely, the 225 Cdkn2a, Dapk1, Cdh1, Mlh1, and Rarb genes exhibited dramatic decreases in DNA 226 methylation. 227
Effects of other insecticides on EGFP-MBD-nls ESCs 228
To investigate the effects of other insecticides on DNA methylation, we assessed DNA 229 methylation following treatment with permethrin, carbaryl, p,p′-DDT, and o,p′-DDT 230 using the same experimental procedure applied for 5-aza-dc ( Figure 4) . The granular 231 intensity, area and count increased after treatment with carbaryl and o,p′-DDT. p,p′-232 DDT and permethrin decreased such three parameters at high concentrations. These 233 results indicate that o,p′-DDT slightly increased DNA methylation, whereas p,p′-DDT 234 had no effect. Further o,p'-DDT at the highest concentration increased cell proliferation 235 of GFP-MBD-nls cells. 236
Discussion 238
In the present study, we investigated the effects of several insecticides on global DNA 239 methylation at the early cell differentiation process. We firstly introduced a high-content 240 Few studies have examined the effects of pesticides on DNA methylation. Our HCS 307 method may improve our understanding and permit the rapid detection of pesticide-308 induced DNA methylation. 309
In conclusion, our present study is the first to evaluate DNA methylation induced by 310 insecticides through detecting MBD using its fluorescence signature, and we investigated 311 its relationship with developmental toxicity at the early stage of cell differentiation 312 through evaluation of gene-specific DNA methylation. Our results indicate that 313 neonicotinoids influence global DNA methylation, and IMI may lead to developmental 314 effects through the DNA methylation of specific genes related to diverse biological 315 processes. Carbaryl and o,p′-DDT may induce DNA methylation, whereas permethrin 316 induced slight DNA hypomethylation, potentially through a different mechanism that 317 should be deeply researched. Our present study provided a promising method for 318 evaluating global DNA methylation and provided a basis for examining the relationship 319 of DNA methylation with developmental toxicity. 320 321
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